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Drug	
  Resistance	
  in	
  Cancer	
  
§  May	
  reflect	
  resistance	
  to	
  single	
  agents	
  generally	
  by	
  

altering	
  targets;	
  	
  resistance	
  may	
  arise	
  from	
  muta5ons	
  
in	
  targets	
  or	
  by	
  muta5ons	
  that	
  bypass	
  targets	
  

§  Mul5drug	
  resistance	
  affects	
  all	
  classes	
  of	
  drugs,	
  
including	
  newly	
  designed	
  targeted	
  drugs,	
  and	
  
frequently	
  results	
  from	
  altera5ons	
  in	
  mechanisms	
  that	
  
detoxify	
  drugs	
  (e.g.,	
  uptake,	
  metabolism,	
  
sequestra5on,	
  efflux,	
  etc.)	
  

§  Both	
  single	
  agent	
  and	
  mul5drug	
  resistance	
  may	
  also	
  
result	
  from	
  altera5ons	
  in	
  growth-­‐promo5ng	
  pathways,	
  
altered	
  differen5a5on	
  pathways	
  (e.g.,	
  EMT	
  ),	
  or	
  
different	
  cells	
  of	
  origin	
  



Factors	
  that	
  increase	
  
likelihood	
  of	
  drug	
  resistance	
  

•  Heterogeneity	
  of	
  original	
  cancer	
  
cell	
  populaAon	
  

•  Increased	
  mutaAon	
  rate	
  or	
  
epigeneAc	
  change	
  

•  Inducibility	
  of	
  resistance	
  
mechanisms	
  



Summary	
  of	
  Talk	
  

•  Role	
  of	
  ABC	
  transporters	
  in	
  mul5drug	
  
resistance	
  in	
  cancer	
  and	
  at	
  the	
  blood	
  brain	
  
barrier	
  

•  Relevance	
  of	
  NCI-­‐60	
  cell	
  lines	
  to	
  the	
  study	
  of	
  
drug	
  resistance	
  in	
  clinical	
  cancer	
  

•  Complexity	
  of	
  MDR	
  in	
  3	
  clinical	
  cancers	
  
(ovarian	
  cancer,	
  hepatocellular	
  carcinoma,	
  
and	
  acute	
  myelogenous	
  leukemia)	
  

•  Models	
  that	
  account	
  for	
  clinical	
  data	
  



Increased	
  
Efflux-­‐-­‐48	
  ABC	
  
transporters	
  

Decreased	
  
Uptake–	
  386	
  

Solute	
  
carriers	
  

Mechanisms	
  of	
  resistance	
  to	
  anA-­‐
cancer	
  drugs	
  

Reduced	
  apoptosis	
  
Altered	
  cell	
  cycle	
  checkpoints	
  
and/or	
  growth	
  pathways	
  

Increased	
  metabolism	
  of	
  drugs	
  
Increased	
  or	
  altered	
  targets	
  
Increased	
  repair	
  of	
  	
  damage	
  

CompartmentalizaAon	
  



ATP-­‐Binding	
  Casse8e	
  (ABC)	
  	
  
Transporter	
  Superfamily	
  

• One	
  of	
  the	
  largest	
  family	
  of	
  transport	
  proteins	
  known.	
  	
  Currently,	
  
more	
  than	
  2000	
  members	
  have	
  been	
  iden5fied.	
  

• Transport	
  substrates	
  include-­‐-­‐	
  ions,	
  sugars,	
  glycans,	
  
phospholipids,	
  cholesterol,	
  pep5des,	
  proteins,	
  toxins,	
  an5bio5cs,	
  
and	
  hydrophobic	
  natural	
  product	
  an5cancer	
  drugs. 

• Structurally,	
  consist	
  of	
  various	
  combina5ons	
  of	
  ATP-­‐binding	
  
casseWes	
  and	
  segments	
  with	
  6	
  trans-­‐membrane	
  domains.	
  



 48	
  Human	
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The Clustal W program was used to make the alignment of the NBDs 
and the tree was built by using the MEGA program -- By Mike Dean, NCI 



ABC	
  transporters	
  that	
  form	
  the	
  blood-­‐brain	
  barrier	
  
and	
  confer	
  MDR:	
  Domain	
  organizaAon	
  

ABCB1	
  

TM	
  Domain	
   TM	
  Domain	
  
ATP	
  

binding	
  

ABCC1	
  

ABCG2	
  

ATP	
  
binding	
  



Overlapping	
  substrate	
  specificity	
  
of	
  ABCB1,	
  ABCG2	
  and	
  ABCC1	
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Hypothetical Model of Human P-
glycoprotein 

POINT	
  MUTATIONS	
  (	
  	
  	
  ),	
  	
  

REGIONS	
  (	
  	
  	
  	
  	
  	
  	
  	
  ),	
  AND	
  	
  	
  
PHOSPHORYLATION	
  SITES	
  (	
  	
  P	
  	
  )	
  

PHOTOAFFINITY	
  LABELED	
  	
  	
  

600	
  

200	
  

100	
  

300	
  

400	
  

500	
  

700	
  

1	
  

1100	
  

1280	
  

ATP	
  SITE	
   ATP	
  SITE	
  

800	
  

900	
  

1000	
   1200	
  

P	
  

P	
  

P	
  

P	
  

A	
   B	
  

C	
  

A	
   B	
  

C	
  

In	
  

Membrane	
  

Out	
  



P-glycoprotein removes hydrophobic substrates 
directly from the plasma membrane 
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Atomic models of the structures of P-gp 

Mouse	
  P-­‐gp	
  at	
  3.8Å	
  (Aller	
  and	
  Chang)	
   Human	
  P-­‐gp	
  model	
  based	
  on	
  Sav1866	
  (Xia)	
  



Physiologic Role of P-glycoprotein  



Many	
  factors	
  affect	
  brain	
  penetraAon	
  –	
  logP	
  and	
  transport	
  

Active uptake 

Passive 
diffusion 

Levin et al. 1980. J. Med. Chem. 23: 682-684 

AcAve	
  
efflux	
  



P-­‐gp	
  

Blood	
  

Intracellular	
  

3	
  most	
  common:	
  	
  
	
  	
  	
  	
  -­‐	
  P-­‐glycoprotein	
  (P-­‐gp/ABCB1)	
  

	
  	
  	
  	
  -­‐	
  Mul5drug	
  resistance	
  protein	
  (Mrp1/ABCC1)	
  
	
  	
  	
  	
  -­‐	
  Breast	
  cancer	
  resistance	
  protein	
  (Bcrp/ABCG2)	
  

ABC	
  transporters	
  at	
  the	
  blood-­‐brain	
  barrier	
  

Hall	
  and	
  Pike	
  2011	
  J	
  Nucl	
  Med	
  
Kannan	
  et	
  al.	
  2009	
  Clin	
  Pharm	
  Ther	
  	
  



dLop	
  is	
  a	
  specific	
  substrate	
  of	
  P-­‐gp	
  

Parental line 

Kannan	
  et	
  al.	
  2010	
  Drug	
  Metab	
  Dist	
  



A	
  likely	
  role	
  for	
  P-­‐glycoprotein	
  
(ABCB1)	
  in	
  cancer	
  

•  Approximately	
  50%	
  of	
  human	
  cancers	
  express	
  P-­‐glycoprotein	
  at	
  levels	
  
sufficient	
  to	
  confer	
  MDR	
  

•  Cancers	
  which	
  acquire	
  expression	
  	
  of	
  P-­‐gp	
  following	
  treatment	
  of	
  the	
  
pa5ent	
  include	
  leukemias,	
  myeloma,	
  lymphomas,	
  breast,	
  ovarian	
  cancer;	
  	
  
preliminary	
  results	
  with	
  P-­‐gp	
  inhibitors	
  suggest	
  improved	
  response	
  to	
  
chemotherapy	
  in	
  some	
  of	
  	
  these	
  pa5ents,	
  but	
  overall	
  response	
  to	
  P-­‐gp	
  
inhibitors	
  has	
  been	
  disappoin5ng.	
  

•  Cancers	
  which	
  express	
  P-­‐gp	
  at	
  5me	
  of	
  diagnosis	
  include	
  colon,	
  kidney,	
  
pancreas,	
  liver;	
  	
  these	
  do	
  not	
  respond	
  to	
  P-­‐gp	
  inhibitors	
  alone	
  and	
  have	
  
other	
  mechanisms	
  of	
  resistance	
  

•  Animal	
  models	
  with	
  human	
  cancer	
  xenograbs	
  and	
  BRCA1-­‐driven	
  mouse	
  
mammary	
  cancers	
  show	
  role	
  for	
  P-­‐gp	
  in	
  MDR	
  (Pajic	
  et	
  al.,	
  Cancer	
  Res.	
  69,	
  
6396-­‐6404,	
  2009)	
  

Conclusion:	
  	
  ABCB1	
  (P-­‐gp)	
  is	
  sufficient,	
  but	
  may	
  not	
  be	
  
necessary	
  or	
  the	
  only	
  cause	
  of	
  drug	
  resistance	
  in	
  cancer.	
  



MulAple	
  mechanisms	
  of	
  MD-­‐-­‐	
  
the	
  drug	
  resistance	
  transcriptome-­‐-­‐	
  

380	
  genes	
  represenAng	
  7	
  different	
  pathways	
  detected	
  
using	
  a	
  dedicated	
  Taqman	
  Low	
  Density	
  Array	
  (TLDA)	
  

Ceramide	
  pathway	
  

Sphingomyelin	
  

Gillet	
  JP	
  and	
  Go8esman	
  MM.	
  In	
  MulAdrug	
  Resistance	
  in	
  Cancer,	
  Jun	
  
Zhou	
  (Ed).	
  Humana	
  Press.	
  2010.	
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48	
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Pa8erns	
  of	
  expression	
  of	
  380	
  drug	
  resistance	
  genes	
  in	
  
clinical	
  samples	
  and	
  cancer	
  cell	
  lines	
  

In	
  vivo	
  samples	
  

Normal	
  Tissue	
  

Ascites	
  

In	
  vitro	
  samples	
  

	
  Ovarian	
  cancer	
  

Melanoma	
  
Breast	
  cancer	
  
CNS	
  
Colon	
  cancer	
  



Conclusions	
  from	
  Clinical	
  Studies	
  on	
  
Drug	
  Resistance:	
  Cell	
  Culture	
  Models	
  

	
  

	
  Current	
  cell	
  culture	
  models	
  for	
  ovarian	
  cancer	
  
(and	
  other	
  cancers	
  as	
  well)	
  have	
  pa8erns	
  of	
  
expression	
  of	
  drug	
  resistance	
  genes	
  very	
  
different	
  from	
  those	
  of	
  primary	
  cancers;	
  	
  
therefore,	
  we	
  need	
  be8er	
  models	
  for	
  elucidaAng	
  
pathways	
  and	
  contravening	
  drug	
  resistance	
  
mechanisms	
  in	
  vivo.	
  



Some	
  reasons	
  why	
  in	
  vitro	
  cell	
  
culture	
  models	
  do	
  not	
  mimic	
  

in	
  vivo	
  gene	
  expression	
  
•  Cells	
  are	
  selected	
  to	
  grow	
  in	
  5ssue	
  culture:	
  survivors	
  

may	
  represent	
  a	
  small	
  subset	
  of	
  the	
  original	
  tumors	
  or	
  
have	
  mutated	
  to	
  allow	
  ex	
  vivo	
  survival	
  

•  Culture	
  condi5ons	
  are	
  different:	
  oxygen	
  tension	
  and	
  
gradients,	
  growth	
  factors,	
  monolayer	
  vs.	
  3D,	
  presence	
  
of	
  other	
  cell	
  types	
  

•  We	
  force	
  cancers	
  to	
  grow	
  ex	
  vivo:	
  normal	
  mito5c	
  
index	
  for	
  solid	
  tumors	
  may	
  be	
  <0.1%	
  



Design	
  and	
  ConstrucAon	
  of	
  Bioreactor	
  
(with	
  Ashley	
  Jaeger	
  and	
  Tom	
  Pohida,	
  CIT)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Silicone	
  hydrogel	
  
membrane	
  with	
  

micropillar	
  structures	
  

Micropillar	
  diameter	
  
range:	
  25	
  –	
  100	
  µm;	
  
Height	
  range:	
  200	
  –	
  

250	
  	
  µm	
  

Design	
  concept	
  for	
  mimicking	
  in	
  
vivo	
  oxygenaAon	
  	
   Bioreactor	
  design	
  for	
  3-­‐D	
  

cell	
  culture	
  on	
  silicone	
  
hydrogel	
  	
  



Culture	
  on	
  silicone	
  hydrogel	
  vessel	
  mimeAcs	
  
creates	
  altered	
  growth	
  pa8erns	
  

	
  

Matrigel	
  controls:	
  Characteris5c	
  3-­‐D	
  culture	
  in	
  basement	
  membrane	
  extract	
  
(Matrigel)	
  with	
  OVCAR8-­‐dsRed2	
  fluorescent	
  cell	
  line.	
  (Scale	
  bar:	
  100	
  µm)	
  



Hypoxia	
  gradient	
  in	
  spheroids	
  
surrounding	
  micropillars	
  

Loca5on	
  of	
  
silicone	
  
hydrogel	
  
micropillar	
  	
  

Silicone	
  hydrogel	
  culture	
  hypoxic	
  gradient	
  
The	
  gradient	
  obtained	
  by	
  pimonidazole	
  staining	
  

was	
  quan5fied	
  using	
  the	
  MATLAB	
  image	
  
processing	
  toolbox	
  and	
  showed	
  a	
  hypoxic	
  drop-­‐

off	
  >100	
  µm	
  from	
  a	
  micropillar.	
  

Hypoxia	
  gradient	
  in	
  spheroids	
  surrounding	
  micropillars	
  



Cancers	
  used	
  to	
  correlate	
  
expression	
  of	
  MDR	
  genes	
  with	
  

clinical	
  outcome	
  

§  Serous	
  Adenocarcinoma	
  of	
  the	
  Ovary	
  
(intrinsic	
  and	
  acquired	
  resistance)	
  

§  Hepatoma	
  (mostly	
  intrinsic	
  
resistance)	
  

§  Acute	
  Myelogenous	
  Leukemia	
  (AML)
(mostly	
  acquired	
  resistance)	
  



*%	
  CV	
  support:	
  percent	
  of	
  5mes	
  when	
  the	
  gene	
  was	
  used	
  in	
  the	
  predictor	
  	
  
for	
  a	
  leave-­‐one-­‐out	
  cross-­‐valida5on	
  procedure	
  

MDR-­‐linked	
  gene	
  signature	
  for	
  
prognosis	
  in	
  ovarian	
  cancer	
  



Conclusions	
  from	
  Clinical	
  Studies	
  on	
  
Drug	
  Resistance:	
  Ovarian	
  Cancer	
  

•  It	
  is	
  possible	
  to	
  find	
  a	
  subset	
  of	
  drug	
  resistance	
  genes	
  that	
  
improves	
  predicAon	
  of	
  poor	
  response	
  to	
  chemotherapy	
  in	
  
ovarian	
  cancer;	
  	
  whether	
  manipulaAon	
  of	
  some	
  or	
  all	
  of	
  
these	
  mechanisms	
  of	
  resistance	
  in	
  vivo	
  will	
  improve	
  
response	
  to	
  chemotherapy	
  remains	
  to	
  be	
  seen.	
  	
  	
  

•  One	
  reasonable	
  hypothesis	
  from	
  these	
  results	
  is	
  that	
  
intrinsic	
  drug	
  resistance	
  in	
  ovarian	
  cancer	
  is	
  mulAfactorial	
  
since	
  no	
  single	
  drug	
  resistance	
  mechanism	
  is	
  dominant	
  in	
  
predicAng	
  poor	
  outcome.	
  Another	
  possible	
  interpretaAon	
  
is	
  that	
  there	
  are	
  individual	
  resistance	
  mechanisms	
  (e.g.	
  P-­‐
gp)	
  in	
  subsets	
  of	
  heterogeneous	
  cancers	
  that	
  do	
  not	
  rise	
  
to	
  staAsAcal	
  significance.	
  A	
  third	
  is	
  that	
  cancers	
  with	
  
different	
  gene	
  expression	
  pa8erns	
  arise	
  from	
  different	
  
origins.	
  



Conclusions	
  from	
  Clinical	
  Studies	
  on	
  Drug	
  
Resistance:	
  Hepatoma	
  

•  	
  In	
  hepatoma,	
  there	
  is	
  a	
  45	
  MDR	
  gene	
  
signature	
  that	
  disAnguishes	
  poor	
  prognosis	
  
from	
  be8er	
  prognosis.	
  

•  This	
  signature	
  has	
  been	
  independently	
  
confirmed	
  in	
  a	
  separate	
  set	
  of	
  hepatomas	
  

•  These	
  data	
  suggest	
  either	
  two	
  different	
  cells	
  of	
  
origin	
  of	
  hepatoma	
  with	
  different	
  signatures,	
  
or	
  different	
  pathways	
  by	
  which	
  hepatoma	
  
develops	
  



Conclusions	
  from	
  Clinical	
  Studies	
  on	
  	
  
Drug	
  Resistance:	
  AML	
  

	
  
§  Although	
  P-­‐gp	
  expression	
  has	
  been	
  shown	
  to	
  correlate	
  with	
  
poor	
  response	
  to	
  chemotherapy	
  in	
  AML,	
  a	
  more	
  detailed	
  
analysis	
  shows	
  that	
  mulAdrug	
  resistance	
  mechanisms	
  are	
  
specific	
  to	
  each	
  paAent	
  with	
  AML.	
  

	
  
§  	
  ABCB1	
  (P-­‐gp)	
  is	
  not	
  the	
  only	
  anthracycline	
  or	
  Vinca	
  alkaloid	
  
transporter	
  expressed	
  in	
  AML	
  

§  	
  Relapsed	
  samples	
  of	
  AML	
  overexpress	
  a	
  wide	
  panel	
  of	
  
mulAdrug	
  	
  transporters,	
  suggesAng	
  the	
  basis	
  of	
  resistance	
  
may	
  be	
  somewhat	
  different	
  in	
  each	
  cancer.	
  



Model	
  To	
  Account	
  for	
  Clinical	
  Results:	
  
Acquired	
  Resistance	
  (ovarian	
  cancer,	
  AML)	
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Model	
  To	
  Account	
  for	
  Clinical	
  Results:	
  Intrinsic	
  
Resistance	
  in	
  Ovarian	
  Cancer,	
  Hepatoma	
  



Final	
  Thought	
  

Natural	
  product	
  an5-­‐cancer	
  drugs	
  have	
  evolved	
  
over	
  billions	
  of	
  years	
  to	
  kill	
  compe5ng	
  cells	
  and	
  
organisms.	
  	
  They	
  target	
  mul5ple	
  pathways	
  in	
  

cells	
  that	
  have	
  also	
  evolved	
  over	
  5me	
  to	
  preserve	
  
life	
  in	
  the	
  face	
  of	
  extreme	
  environmental	
  

condi5ons.	
  	
  Targeted	
  drugs	
  have	
  not	
  been	
  more	
  
successful	
  in	
  curing	
  cancer	
  because	
  they	
  target	
  

only	
  single	
  pathways.	
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